ABSTRACT
INTRODUCTION
The impact of climate change-driven increases in air temperature on lake water temperatures has been the subject of numerous studies in recent years (Livingstone, 2003; Adrian et al., 2009; Fang and Stefan, 2009; Williamson et al., 2009a; Ludovisi and Gaino, 2010; Schneider and Hook, 2010; Weinberger and Vetter, 2012) . The resulting heating of the vertical water column in turn leads to substantial changes in the physical properties of the lake (Gaiser et al., 2009; Ambrosetti et al., 2010; Braig et al. 2010; Rempfer et al., 2010) , more precisely in terms of mixing processes, stratification characteristics (Danis et al., 2004; Ambrosetti and Barbanti, 2005; Austin and Colman, 2008; MacIntyre et al., 2009; MacKay et al., 2009; Rimmer et al., 2011) and heat content (Hondzo and Stefan, 1993; Dokulil et al., 2006; Vetter and Sousa, 2012) . Investigations dealing with these limno-physical changes are crucial, as the latter directly influence nearly all biological and chemical processes. For example, substantial trophic-and species-dependent changes are caused by shifts in the climate regime of lakes (Kirilova et al., 2009; Wagner and Adrian, 2009; Rinke et al., 2010; Gallina et al., 2011) , while the distribution of nutrients and oxygen is also affected (Braig et al., 2010; Rempfer et al., 2010; Vetter and Sousa, 2012) .
In order to improve our understanding of the aforementioned physical, biological and chemical processes, it is necessary to use hydrodynamic and ecological lake models (Huber et al., 2008; Fang and Stefan, 2009; Ambrosetti et al., 2010) in addition to field studies and statistical analysis of historical lake data (Peeters et al., 2002) . These mathematical models are able to simulate the future impact of a changing climate on lake ecosystem and water quality (Perroud et al., 2009) . Even though others have already made this point, there remains a need for substantial studies investigating these environmental consequences. Such investigations should utilise data and information derived from regional climate models, e.g. REMO (Jacob et al., 2007) , which represent the only tools able to satisfactorily estimate future rates of climate change (Samuelsson, 2010) . The simulations produced by these climate models are based on different IPCC emission scenarios (Nakicenovic et al., 2000; Solomon et al., 2007) . However, information gaps remain in modelling Lake heat content and stability variation due to climate change: coupled regional climate model (REMO)-lake model (DYRESM) analysis Stefan impacts on limnological ecosystems (MacKay et al., 2009) ; studies using regional climate model data were largely unavailable in the past (Bates et al., 2008) . As a result of the above-mentioned issues, in Weinberger and Vetter (2012) a first hydrodynamic simulation approach was implemented using the hydrodynamic model DYRESM (Imberger and Patterson, 1981; Imerito, 2007) , based on the results of the regional climate model REMO for Ammersee. Initially the one-dimensional model DYRESM was calibrated and validated to simulate lake vertical thermal distribution, with meteorological data from the regional climate model REMO (IPCC A1B emission scenario) then employed as input data for DYRESM and a simulation run carried out for the period 2041-2050. The produced results regarding potential future water temperature changes thus provide the basis of the present study, making it possible to address the limnophysical impacts of climate change in particular.
The study site, Ammersee, is a peri-Alpine, 83-m deep, currently dimictic lake located 30 km southwest of the Munich metropolitan area. The third largest lake in Bavaria and very important for regional tourism and fisheries, Ammersee has a surface area of 46.6 km 2 , a water volume of 1.75×10 9 m 3 and a glacial morphologic origin. Ammersee was selected as the study site because of its geogenic, climatic, geographic and limnological characteristics, which are representative of many other lakes in the northern foothills of the Alps. The lake freezes over in winter in some years (Danis et al., 2004) . It has one main inflow called the Ammer, three smaller inflows known as the Windach, Rott and Kienbach, and one main outflow called the Amper. The Ammersee would naturally be oligotrophic (Kucklentz, 2001; Vetter and Sousa, 2012) , but due to intensive land use in the catchment area from around 1950, the lake became mesotrophic. In the last 20 years Ammersee has undergone re-oligotrophication after the establishment of specialised sewerage (Ernst et al,. 2009 ), but whether this trend will continue under projected climate change conditions is not clear (Vetter and Sousa, 2012) . Different estimations have been postulated regarding future limno-physical and ecological development as a consequence of anthropogenic and climatic impacts. Danis et al. (2004) , for example, projected Ammersee to undergo a dramatic and persistent lack of mixing, starting in around 2020; the resulting lack of oxygenation would irreversibly destroy the lake's deepwater fauna. Joehnk and Umlauf (2001) mentioned the importance of modelling oxygen conditions in Ammersee. These environmental risks, as well as the desire to improve the existing level of knowledge regarding the impact of climate change on limnological systems and their catchment area (Niedda and Pirastru, 2013) , demonstrate the necessity of new modelling studies using well-prepared regional climate model data (Mooij et al. 2010; Trolle et al., 2011) . In doing so it is then possible to estimate the lake's ecological future and support subsequent water quality management. Studies employing DYRESM have been able to effectively simulate future Ammersee water temperature changes (Weinberger and Vetter, 2012; Bueche and Vetter, 2013) , with the model now established as a sound basis for the deduction of prospective limnophysical variations.
The objective of the present study was to therefore use the predicted water temperatures simulated by the hydrodynamic model DYRESM, based on the results of the regional climate model REMO (IPCC A1B emission scenario), to calculate i) the heat content of Ammersee for the years 2041-2050; and ii) the thermal stability of the lake water column for the same period. These results were then assessed and compared to past limno-physical properties of Ammersee. In addition iii), changes in the duration of thermal stratification were investigated, while iv) the depth of the thermocline as well as the depth of the upper and lower metalimnion were also deduced. Finally, v) the sensitivity of the limno-physical results to the model parameter light extinction coefficient was analysed. To underline the motivation for this study it should be said, that the elucidation of physical changes by means of a regional climate model at Ammersee can provide further important knowledge with which to estimate the potential impact of climate change on water bodies in the northern foothills of the Alps.
METHODS
The present study used the one-dimensional hydrodynamic model DYRESM (v4.0.0-b2), developed by the Centre for Water Research at the University of Western Australia. Able to predict the vertical distribution of temperature, salinity and density in lakes and reservoirs (Imberger and Patterson, 1981) , DYRESM is a process-based model with a Lagrangian layer scheme, which means that the horizontal layers are adjusted to stay within user-defined limits (Imberger and Patterson, 1981; Antenucci and Horn, 2002) . Layer mixing appears when the turbulent kinetic energy in the topmost horizontal layer, produced via convective overturn, wind stirring and shearing (Perroud et al., 2009) , exceeds a potential energy threshold. DYRESM has been applied to different study areas around the world (Han et al., 2000; Gal et al., 2003; Romero et al., 2004; Trolle et al., 2008; Perroud et al., 2009; Rinke et al., 2010) and is particularly suitable for the simulation of longer periods. In comparison to other one-dimensional lake models, DYRESM is able to satisfactorily reproduce the variability of both water temperature profiles and seasonal thermoclines (Perroud et al., 2009) . DYRESM can also be run either in isolation for hydrodynamic studies, or coupled to an aquatic ecological model, e.g. CAEDYM, for the investigation of biological N o n -c o m m e r c i a l u s e o n l y and chemical processes (Imerito, 2007) . For the analysis of Ammersee, DYRESM was carefully calibrated (for the period [2004] [2005] [2006] [2007] and validated (1993) (1994) (1995) (1996) (1997) (1998) (1999) taking into account simulated and measured water temperatures. Furthermore, to determine the quality of the calibration and validation process, modelled and observed data were compared via the use of regression analysis and the quality criteria mean absolute error (MAE) and root mean square error (RMSE) (Legates and McCabe, 1999) . As small mean absolute errors (0.96-1.61 K) and root mean square errors (1.42-1.96 K) were observed, as well as high coefficients of determination (0.71-0.96) at all depths, the selected hydrodynamic model was considered able to identify the potential drawbacks of climate change on the lake and thus provide the basis for subsequent coupled aquatic ecological modelling.
Nevertheless, it has to be said that DYRESM is originally not able to continue the simulation process when water temperatures decrease below 0°C. Hence, at Ammersee, we used a modified version with freezing avoidance, which means that negative values of water temperature were set back to 0°C to ensure a continuous and stable simulation. Although, because of this, ice cover is not included in the model directly, the introduced error is small for large peri-Alpine lakes as they rarely freeze and the cooling-down is not very intense. Full ice cover was observed at Ammersee in 15 years from 1934 to 1971 (Danis et al., 2004) . For the period from 1971 to 2012 there are no publications dealing with ice cover available, but according to own observations and analyses the lake has frozen over in 5 years. Moreover, the effect of freezing avoidance diminishes throughout the season when surface temperatures are approaching a value corresponding to the equilibrium energy exchange between the lake and the atmosphere (Weinberger and Vetter, 2012) . More details regarding the comprehensive calibration and validation of DYRESM for Ammersee can be also found in Bueche and Vetter (2013) .
When estimating the impact of climate change on lakes, it is generally advisable to use meteorological input data produced by regional climate models. The climate data employed in the present study were acquired from the regional climate model REMO (Jacob et al., 2007) , which was selected because its cell calculation size of 10x10 km was considered suitable for analysis of the Ammersee area. The REMO simulation provides variables including short-wave radiation, air temperature, precipitation, wind speed, vapour pressure, total cloud cover and relative humidity, all of which have a strong influence on the heat budget of a lake. Long-wave radiation was estimated from atmospheric conditions using cloud cover fraction (Imerito, 2007) . Use of REMO data also requires the implementation of bias correction; this process had already been carried out in an earlier study by comparing previously-measured meteorological data from the study area (covering the period 1990-2006) with those simulated by the regional climate model (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) (Weinberger and Vetter, 2012) . Based on these comparisons, statistical relationships for each month could then be determined that were relevant to the correction of calculated future climatic conditions. For example, when correcting the air temperature values derived from the REMO model, an absolute correction value was adapted to the daily mean air temperatures, whereas the correction of daily precipitation sums was implemented relatively via the use of a multiplication factor (Piani et al., 2009; Mudelsee et al., 2010; Terink et al., 2010) . Our investigations demonstrate that the use of regional climate models such as REMO in hydrodynamic model studies (after obligatory bias correction) is a practicable way of estimating future impacts of climatic warming on lake ecosystems in the northern foothills of the Alps.
The research presented in Weinberger and Vetter (2012) and taken as basis for this study, includes such a simulation for Ammersee, based on the IPCC A1B emission scenario for the period 2041-2050. The A1B emission scenario was selected due to the fact that it assumes balanced use of all available energy sources (Nakicenovic et al., 2000; Solomon et al., 2007) . In this scenario, the global mean air temperature is predicted to increase by about 3 K between 1990 and 2100. Future climate change conditions in the present study were also derived from the aforementioned regional climate model REMO; the vertical thermal distribution in Ammersee was then simulated for the period 2041-2050 using bias-corrected REMO meteorological data as input values for the hydrodynamic model DYRESM. This simulation method is, as mentioned previously, now established as a sound basis on which to both deduce potential future physical changes, such as those mentioned in the Introduction, and to provide further important knowledge which can be used to estimate the potential impact of climate change.
To clarify which are the main drivers for changes in limno-physical conditions in the future we investigated sensible, latent and radiative heat fluxes. At Ammersee, the sensitivity of the hydrodynamic model DYRESM to changes in meteorological input variables and to changes in water temperatures of the inflow was analysed. Thereby the greatest influences on the heat budget and on the dynamics of the lake were detected for modifications of air temperature and wind speed (Bueche and Vetter, 2013) . The variable wind speed is known to influence mixing and the exchange of both latent and sensible heat at the water surface (Livingstone, 2003) . The fact that the variable air temperature has the greatest ramifications was also detected by Trolle et al. (2011) , who included only a simple air temperature offset in representing future meteorological conditions in their lake modelling study. All the N o n -c o m m e r c i a l u s e o n l y changes in monthly mean air temperatures simulated by the model REMO (A1B scenario) until the period 2041-2050 at Ammersee can be seen in Tab. 1. To elucidate that there are also existing more pessimistic emission scenarios than A1B, in Tab. 1 we additionally show bias-corrected air temperatures based on the emission scenario A2. This scenario assumes that the global mean air temperature will increase by about 3.5 K between 1990 and 2100 due to regionally oriented economic development and a continuously increasing world population (Nakicenovic et al., 2000) . For further limno-physical research at Ammersee, as mentioned before, in this study we take the scenario A1B as basis, which is based on assumptions that are more realistic.
Nevertheless, the potential effects of other meteorological variables and processes should not be neglected. For example cloud cover can affect both long-wave and short-wave radiation, while relative humidity influences the exchange of latent heat (Livingstone 2003 , Trolle et al. 2011 . Hence these variables, provided by the regional climate model REMO, were also taken into account in our study at Ammersee. To compare the simulated hydrodynamic results with data obtained in the field, a series of water temperature and conductivity measurements were used which have been collected at Ammersee since 1976, with regular readings carried out since 1985. These data are collected at the deepest point of the lake by the Bavarian Environmental Agency. Measurements within the epilimnion are taken every 2 m, in the metalimnion every 3 m and in the hypolimnion every 10 m. The time step of data collection has varied, but in general measurements have been carried out at least every month. This field data both provided a sound basis for the calibration and validation of the hydrodynamic model DYRESM employed in Weinberger and Vetter (2012) , and was also used to calculate past values of limno-physical variables for the present study. Total lake heat content (W) can be calculated by summing the heat content of single layers (from lake surface to lake bottom) based on their mean water temperatures (Schwoerbel and Brendelberger, 2005) :
where T(z) is the mean water temperature (°C) at depth z, c p (z) is the specific heat capacity (kJ kg -1 K -1 ) at depth z, ρ(z) is the density of water (kg m -3 ) at depth z, A(z) is the isobath plane (m 2 ) at depth z and d(z) is the depth interval. In addition to mean total lake heat content, heat content was also calculated for the layers from 0-3, 3-10 and below 10 m. To make it easier to compare the results for Ammersee with results of similar studies, the heat content is additionally given in terms of volume-weighted mean (VWM) temperatures.
To derive the thermal stability of the water column, values of Schmidt stability were determined according the following equation:
where A 0 is lake surface area (m 2 ), A(z) is lake area (m 2 ) at depth z, ρ(z) is density (kg m -3 ) calculated from temperature at depth z, ρ* is the volume-weighted mean density of the water column (kg m -3 ), z* is the depth (m) at which mean density occurs, d(z) is the depth interval (m) and g is acceleration due to gravity (m s -2 ). Representing the work that would be required to transform a thermally stratified lake into a lake characterised by isothermal conditions, the Schmidt stability value has been used to account for the intensity of summer stratification in a number of lake studies (Ambrosetti and Barbanti, 2005; Gaiser et al., 2009; Braig et al., 2010) . Other climate change impact studies that have used Schmidt stability as a measure of lake stratification include Livingstone (2003) , Coats et al. (2006) , Jankowski et al. (2006) and Rempfer et al. (2010) . Calculation of Schmidt stability requires the determination of lake water density and conductivity. For Ammersee, the density at different depths was calculated according to Chen and Millero (1986) , while conductivity was determined using the relationship between temperature, density and water pressure in the water column (UNESCO 1987) .
Also deduced was the duration of lake thermal stratification for the simulated period 2041-2050; again this was then compared to the observed duration of stratification in the past . The present study follows the work of Birge (1897), who defined the thermocline as the region in the vertical profile of a lake, where the temperature decreases by 1 K per metre of depth. If such a difference in temperature is measured or simulated, the Tab. 1. Monthly mean air temperature (°C) at Lake Ammersee measured in the past and simulated for the future by the model REMO. lake is considered stratified at that time. As per Hutchinson (1957) , the thermocline was also considered as the depth plane at which the largest relative change in water temperature occurs. Using observed past water temperatures and simulated water profiles for the period 2041-2050, it was possible to detect changes in the depth of the thermocline potentially due to climate change. Definition of the upper and lower borders of the metalimnion was carried out in the same manner as the deduction of the duration of thermal stratification, i.e. following Birge (1897). Accordingly, the metalimnion was considered to be the region in the vertical profile of a lake within which the temperature decreases by 1 K per metre of depth.
To assess whether the differences between the estimated changes for the future, deduced from the hydrodynamic model, and the measured historical data are statistically significant, we conducted Welch two-sample t-tests for the variables duration of thermal stratification, depth of thermocline and Schmidt stability. After calculation of limno-physical variables for the future, we also investigated the sensitivity of these results to changes in the parameter light extinction coefficient (LEC) of the water, which has to be set in the input files of the hydrodynamic model DYRESM. This parameter determines how the solar radiation is absorbed by the lake water and directly influences the heating of the epilimnion (Imberger and Patterson 1981) . Hence the LEC was already used for the calibration of the model DYRESM at Ammersee and at the end set to 0.25 m -1 (Weinberger and Vetter, 2012) . For our sensitivity analysis in the recent study we first reduced the LEC by 10% to a value of 0.225 m -1 and afterwards raised the LEC by 10% to a value of 0.275 m -1 .
RESULTS

Heat content
Lake heat content was calculated for the layers from 0-3, 3-10, below 10 m and for the whole lake. This was achieved using both simulated (future) and measured (past) data. Fig. 1 presents a comparison of the resulting mean heat content for each month for the periods 2041-2050 and 1997-2007 .
Analysis of graph a in Fig. 1 reveals that the heat content of the upper 3 m of the epilimnion is predicted to be higher in the future from end of March to mid-November. The highest increase is expected during June to October, with the maximum heat content simulated at 12 GJ or 12°C (volume-weighted mean (VWM) temperature) in August. The measured maximum was also observed in August, at 11.5 GJ (VWM temperature: 11.5°C). Winter values are projected to be lower than in the past. Between 3 and 10 m depth (Fig. 1b) , an increase in heat content is predicted only for September, October and November; an obvious decrease is estimated for January and February, while in the remaining months a merely slight decrease is visible from the past to the period 2041-2050. Below 10 m depth (Fig. 1c) , a clear decrease in January as well as from April to December lake heat content is simulated, with a maximum decrease of around 10 GJ (VWM temperature: around 2°C) projected for October. February lake heat content is expected to remain nearly constant, whereas March values are predicted to decrease only slightly in the future. Analysis of total lake heat content (Fig. 1d) reveals decreasing values for the whole year. Maximum total heat content for Ammersee was observed in August for both measured and simulated values, at 70 GJ (VWM temperature: 9°C) and 60 GJ (VWM temperature: 7.5°C), respectively.
When calculating the heat content, the process of freezing avoidance during the simulation run, as mentioned in the Methods, should be considered. Thereby negative values of water temperature are set back to 0°C to ensure a continuous and stable simulation. During eleven years of calibration and validation (2004-2007 and 1993-1999) at Ammersee (Weinberger and Vetter, 2012) , water temperatures were set back to 0°C by the model DYRESM on 49 days, whereas during the 10 years-model run from 2041 to 2050 the freezing avoidance was set up on 63 days. Fig. 2 presents a comparison of box-and-whisker plots for observed (past: 1985-2007 ) and simulated (2041) (2042) (2043) (2044) (2045) (2046) (2047) (2048) (2049) (2050) Schmidt stability data for each month relevant to thermal stratification. The boxes in Fig. 2 consist of median and upper and lower quartile (25 th and 75 th percentile), with upper and lower whiskers and some outliers also illustrated. The end of the upper whisker in the present case study was set at the 97.5 th percentile, and the end of the lower whisker at the 2.5 th percentile of the data. Outliers were defined as only those values lying beyond the threshold of 1.5 times the interquartile range (IQR) above the 75 th percentile. It is apparent from analysis of Fig. 2 that lake thermal stability is expected to increase in the future for each month from April to November, with the simulated 25 th percentile, median and 75 th percentile lying above the respective observed field data values. Indeed, in April and August the projected 25 th percentiles are nearly as high as the measured 75 th percentiles for the same months. Furthermore, all upper and lower whiskers, with the exception of those for October and November, are projected to be higher in the future. Also included were the minimum and maximum Schmidt stabilities, as well as the upper outliers (Tab. 2). . All upper outliers as well as the year number corresponding to the maximum outliers are also shown in Fig. 2 . While minimum Schmidt stabilities are simulated to remain similar to those observed in the past, monthly maximum values are expected to increase clearly, with the exception of those in August and November. In May and September the increase in maximum thermal stability is expected to be higher than 2 kJm -2 , while the maximum predicted monthly value of 8.59 kJm -2 is projected to occur in July (Tab. 2).
Thermal stability
To assess whether these changes in Schmidt stability are statistically significant, we conducted a Welch twosample t-test (Tab. 3). Thereby it becomes obvious that the increase in thermal stability is highly significant from April to October.
Duration, onset and end of thermal stratification
Another aspect of possible limno-physical change resulting from increasing water temperatures is the duration and timing of onset of thermal stratification. The simulated stratification behaviour of Ammersee for the period 2041-2050 was thus compared with observed stratification data for the period 1985-2007. During the former, thermal stratification is modelled to commence on average on the 27 th of April and end on the 8 th of November, with the earliest date of onset the 16 th of April and the latest end the 19 th of November. The average date of observed stratification according to field data was the 15 th of May, with the average end of stratification date the 10 th of October. The earliest historic onset was observed on the 7 th of May, and the latest end on the 22 nd of October. The longest period of stratification during the years 1985-2007 was 169 days, whereas the shortest lasted for only 127 days. The duration of thermal stratification at Ammersee is simulated to increase significantly in the future (Welch two-sample t-test, P=0.0011), with a maximum of 204 days and a minimum of 162 days. A summary of the obtained data is provided in Tab. 4. Fig. 3 and Tab. 4 reveals not only a projected increase in the duration of thermal stratification, but also that the shortest period of stratification in the future is estimated to be nearly equal to the longest period measured in the past. In summary, thermal stratification of Ammersee is expected to occur earlier and to last longer than previously recorded.
When looking at Fig. 3 and Tab. 4, it is very important to consider that it is not possible to predict dates of onset and end of thermal stratification exactly. We are only able to deduce these dates directly from the simulated water temperatures using a daily model time step. Thereby we follow Birge (1897), as mentioned above and take into account mean dates during each period.
Depth of thermocline and metalimnion
Any changes in the position of the thermocline are expected to be very important for the ecology of water bodies. In the present study two methods of analysis were carried out: the first comparing the mean depth of the thermocline as defined by Hutchinson (1957 Hutchinson ( ) using recorded (1985 Hutchinson ( -2007 and simulated data (2041-2050) for each month from mid-May to mid-October, and the second contrasting the mean depth and mean thickness of the metalimnion as per Birge (1897) for the same periods. The results can be seen in Fig. 4 . The position of the thermocline relocates towards the lake bottom between May and October in both recorded and simulated data. The minimum mean depth of the thermocline in the past was measured in May at around 6 m, while the projected depth during the same month is around 4 m. The maximum mean recorded depth was observed at around 12 m and the modelled value for 2041-2050 at around 13 m. Between May and June the mean depth of the thermocline is projected to lie above its historically-recorded position, although in July the vertical position of the thermocline is modelled to remain in a similar range to its previous depth. However, for the period from the beginning of August to October, an increase of the mean depth of thermocline is predicted. Using a Welch two-sample t-test, we investigated that the changes in depth of thermocline are highly significant with the exception of July (Tab. 3). The mean thickness of the metalimnion is simulated to increase for the whole period between May and October, with the largest expanse of 8 m occurring at the end of August. In contrast, the largest thickness of 6 m during the period 1985 to 2007 was observed in July.
The mean depth of the upper and lower delineation of the metalimnion increases between May and October in both recorded and simulated data. The recorded and pro- 
Sensitivity to light extinction coefficient
The water temperatures simulated by the model DYRESM and the calculated limno-physical variables for the future are sensitive to the parameter light extinction coefficient (LEC) of the water, which has to be set in the input files of the hydrodynamic model DYRESM. For our sensitivity analysis we first reduced the LEC by 10% to a value of 0.225 m -1 . This resulted in a slight decrease of modelled surface water temperatures in spring and summer as well as increasing water temperatures in the metalimnion and hypolimnion (below 10m) and a higher heat content of the whole lake (Fig. 5 ). This in turn resulted in lower stratification and in the following more heat was able to reach the deeper layers. Afterwards we raised the LEC by 10% to a value of 0.275 m -1 . As a consequence, we were able to observe just the opposite. This implies that the modelled surface water temperatures in spring and summer slightly increased and decreasing water temperatures were observed in the metalimnion and hypolimnion (below 10 m), which resulted in a lower heat content of the whole lake (Fig. 5 ) and in stronger stratification of the water column.
DISCUSSION
The following section discusses the results of the present study regarding possible physical and ecological consequences, comparing them to the outcomes of similar limnological investigations. When looking at the results of our one-dimensional hydrodynamic modelling study at Ammersee, it should be considered, that the hydrodynamic processes in the lake are obviously simplified (Bayer et al., 2013) . Subsequently the model DYRESM for example underestimates water temperatures in the metalimnion and hypolimnion, as investigated during our calibration and validation period at Ammersee (Weinberger and Vetter, 2012) . Also the meteorological data provided by the regional climate model REMO, which is derived from a global circulation model, may contain uncertainties in the estimation of the local climate. However these uncertainties can be minimised by a bias correction, as mentioned above. Additionally, even the measured meteorological data may contain measurement errors, which in turn could have an influence on the quality of the calibration process due to the model's strong sensitivity to these climatic input variables (Bueche and Vetter, 2013) . Nevertheless, at Ammersee we showed that the models DYRESM and REMO can be used to identify potential drawbacks of climate change on the lake ecosystem (Weinberger and Vetter, 2012) .
For the period between end of March and mid-November, an increase in lake heat content is projected (2041) (2042) (2043) (2044) (2045) (2046) (2047) (2048) (2049) (2050) to occur in the upper 3 m of the epilimnion with respect to recorded values (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (Fig. 1a) . A similar rise in surface water temperatures has also been predicted by other limnological studies investigating the role of lakes as sentinels of climate change (Livingstone, 2003; Adrian et al., 2009; Ludovisi and Gaino, 2010; Schneider and Hook, 2010; Rimmer et al., 2011; Vetter and Sousa, 2012) . The highest increase in Ammersee heat content was predicted, as expected, for the months of June to October. Both recorded and simulated maximum heat contents occur in August, which matches the findings of Livingstone (2003) for Lake Zurich. The fact, that winter water temperatures are expected to be lower in the period 2041-2050, is likely due to an underestimation of water temperatures by DYRESM (Weinberger and Vetter, 2012) . However, this underestimation is of little importance to lake ecological development and thus will not be discussed further here. Whereas only minor changes in heat content between 3 and 10 m depth were projected to take place in future summer months (Fig. 1b) , below 10 m (Fig. 1c) , i.e. in the metalimnion and hypolimnion, a clear decrease was projected occurring from April to January. Only in February is heat content expected to remain nearly constant, with March the only month in which a merely slight decrease was simulated. The simulated development of total lake heat content (Fig. 1d) is expected to be similar, but with decreasing lev- These model results may at first seem surprising; in previous studies, the heat has been observed going beyond the barrier of the thermocline in recent years, suggesting that increasing heat content (even in the metalimnion and hypolimnion) could be a consequence of climate change (Dokulil et al., 2006; Ambrosetti et al., 2010) . Therefore it was decided to divide the lake into different horizontal layers for further interpretation, making it possible to investigate the varying response of the water column to higher air temperatures, as well as the resulting heat content at different depths in the future. The predicted decrease in metalimnetic, hypolimnetic and total heat content in the present study could be the result of earlier establishment of a stable water column at higher epilimnetic and lower hypolimnetic temperatures (Livingstone, 2003) . Hondzo and Stefan (1993) simulated that after climate change, hypolimnetic temperatures in seasonally-stratified dimictic lakes will be largely unchanged or even lower than at present, in agreement with our results. They also found their modelled data surprising, with the main reason suggested for the predicted values being a more rapid onset of stratification in early spring due to an increased net rate of surface heating after climate change; colder hypolimnetic water is thereby more quickly and effectively shielded from surface heating. Other authors with similar findings include Robertson and Ragotzkie (1990) , who expected midsummer hypolimnion temperatures to change very little or increase only slightly in response to climatic warming. Nevertheless, when calculating the heat content by means of the model DYRESM, the uncertainty based on the use of the modified version for freezing avoidance during the hydrodynamic simulation should be considered. The model DYRESM set back negative water temperatures to 0°C on 49 days during calibration and validation (2004-2007 and 1993-1999) and on 63 days during the future modelling period (2041-2050). Hence we assume that negative water temperatures will still appear in the period 2041 to 2050 and the ice-cover periods will be corresponding to those mentioned by Danis et al. (2004) , who observed the duration of full ice-cover at Ammersee to be generally less than one month. Anyhow, it should be an objective for future studies at Ammersee, to investigate if the lake will still freeze over in the future and if there will be changes in frequency and duration of ice cover. These changes could have a strong influence on the mixing characteristics and hypolimnetic temperatures of the lake. For example, if the ice-cover disappears completely, there would be a potential for heat carry-over from one year to the next (Peeters et al., 2002) and for changes in the mixing regime of the lake from dimictic to monomictic. One explanation given earlier for the projected decrease in heat content at Ammersee was the potentially higher thermal stability of the water column, which would act as a barrier to heat entering the lake. This theory was verified after calculating Schmidt stability from field (1985 to 2007) and simulated (2041 to 2050) data, with thermal stability expected to be higher in the future for each month from April to November and the number of outliers (as defined in the boxplot chart) also increasing (Fig. 2, Tab. 2) . Furthermore, the maximum value of lake thermal stability, which currently stands at the 7.70 kJm -2 observed during the outstanding warm year of 2003, is simulated to be exceeded in the period 2041-2050.
The influence of changes in water temperature on lake density gradients and the resulting increase in water column thermal stability has been examined in a number of studies (MacIntyre et al. 2009; Williamson et al. 2009b; Rimmer et al. 2011) . The main reason for increased thermal stability is typically a rise in surface water temperatures and a concomitant decrease or constancy in hypolimnetic temperatures, known as the vertical temperature gradient (Livingstone, 2003) . Significantly, longterm changes in lake thermal structure may in the future be responsible for a shift in mixing regimes, changing nutrient and oxygen concentrations and thus also the vertical distribution and composition of lake biota Braig et al., 2010; Rempfer et al., 2010) . Jankowski et al. (2006) , for example, detected strong hypolimnetic oxygen depletion associated with an extremely high degree of thermal stability. As a result of increasing thermal stability, a greater quantity of energy derived from external forces will then be required to initialise complete mixing (Ambrosetti et al., 2010) . Ammersee is predicted to be affected by a combination of lower heat content in the deeper layers and changes to the timing and duration of thermal stratification. According to a comparison of the projected stratification behaviour of the lake for the simulated period 2041-2050 with observed duration data recorded in 1985-2007, stratification is expected to occur earlier in spring and to last longer through autumn (Tab. 4, Fig. 3) . A similar increase in the duration of stratification and reduced duration of winter mixing has also been detected elsewhere (Austin and Colman, 2008; Gaiser et al., 2009; MacKay et al., 2009; Rempfer et al., 2010) . Although the simulated maximum duration of stratification at Ammersee was 204 days, no persistent lack of mixing was projected for the period 2041 to 2050. Thus, the lake is estimated to remain dimictic, with complete mixing in autumn and spring and the occurrence of an inverse stratification in winter. Hence, no long-term increase in hypolimnetic water temperatures is visible. This result is different to that of Danis et al. (2004) , who predicted an absence of mixing at Ammersee, which would irreversibly destroy deepwater fauna, occurring from the year 2020. The increase in stratification duration simulated in the present study approximately matches that of Livingstone (2003) , who calculated an extension of 2 to 3 weeks. Other studies have also predicted long-term variation in thermocline depth as a result of changes in the water column density gradient, e.g. Adrian et al. (2009) . Since the hydrodynamic model DYRESM satisfactorily reproduces the variability of water temperature profiles and seasonal thermocline, and also successfully models the metalimnion boundary (Perroud et al., 2009) , it was decided in the present study to determine the extent of possible changes in thermocline and metalimnion depth (Fig. 4) . The predicted future reduction in summer epilimnion thickness by Gaiser et al. (2009) and Rimmer et al. (2011) is in agreement with the modelling results presented here, simulating a decrease in the depth of the upper border of the metalimnion from May to September. In addition, our model results show a deepening of the thermocline from May to October. The limno-physical reasons for that are convective cooling and stronger vertical mixing, which are caused by increased wind speed. More precisely, the surface water temperatures and the thermal stability in autumn decrease and there is sufficient wind to initialise a vertical mixing of the water column. This was also detected by Livingstone (2003) , who observed the deepest annual position of the thermocline in autumn. The mean thickness of the metalimnion in the present study was simulated to increase for the entire May to October period in the future (2041-2050), a pattern which contrasts with the findings of Rimmer et al. (2011) who observed a decrease in metalimnion thickness between 1969 and 2008. The mean depth of the thermocline at Ammersee could in the future be situated above its historically-recorded vertical May-June position. This change could be due to increased heat input into the lake, as previously mentioned by Tanentzap et al. (2007) and as predicted in a number of regional climate models. However, the vertical position of the thermocline in July is projected to remain constant, a result similar to that of Robertson and Ragotzkie (1990) , who simulated both no change in thermocline depth during midsummer and a shallower position in autumn. This latter prediction was also determined in the present study, with mean thermocline depth projected to increase between the beginnings of August to October with respect to observed data .
In this paper, it was also possible to show that the modelled physical properties of the lake are sensitive to a 10% change in light extinction coefficient (LEC) of the water. Our findings, that higher LEC results in increasing modelled surface water temperatures in spring and summer as well as in decreasing water temperatures in the metalimnion and hypolimnion (below 10 m) for the same period, are in line with the results of previous studies. In general it can be said that the LEC is known to affect the vertical distribution of heat in the water column (Tanentzap et al., 2008; Rinke et al., 2010) . Also the lower heat content of the whole lake (Fig. 5) and the stronger stratification of the water column with increasing LEC were already detected in aforementioned studies. Since LEC describes water transparency, which is subject to ecological conditions in the lake, the physical properties of lakes are not only the basis to simulate ecological conditions, but also are affected by changes in the trophic state of the water body.
CONCLUSIONS
The coupling of regional climate and hydrodynamic models enables forward-looking statements to be made regarding the limnological impact of climate change. Although the results obtained via this method are of course just estimations, such coupling remains yet the only available tool with which to assess the aforementioned effects. In the present study, it was possible to elucidate a wide range of limno-physical consequences that can be investigated by the use of these models, with a concrete examination made of an important mid-European, comparatively large fresh water body. Evaluation of the relevant literature reveals that the impact of a changing climate on the lake's hypolimnetic heat content is particularly contested and should thus be explored further using new modelling techniques. In our opinion and according to the presented simulation results, the hypolimnetic heat content of Ammersee will experience a clear decrease in the future due to higher thermal stability in the water column. Anyhow, we estimate that the mixing type of Ammersee will remain dimictic. Additionally, it is essential that further limnological research is conducted to assess the impact of changes in ice cover as well as to allow a coupling of the hydrodynamic model with an ecological model of the lake. It is therefore also advisable to conduct and assess carefully calibrated and validated limno-physical modelling. The present study represents a sound basis for such modelling, with the employed methods recommendable for other members of the lake ecosystem modelling community (Mooij et al., 2010) .
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